INTRODUCTION
Full Waveform Inversion (FWI) has recently emerged as one of the most exciting new techniques in the seismic industry because of its potential to deliver very detailed velocity models. It is also a paradigm shift in the way we process seismic data since it allows to start the velocity model building phase on raw shots, with little need (if any) of pre-processing steps. The huge interest in FWI is also reflected by the number of dedicated sessions and workshops which are held each year; for example at the 2013 SEG meeting, ten FWI sessions were held over just three and a half days of the conference. One of the main issues with FWI is that it relies on solving a highly non-linear inverse problem using a gradient based technique; therefore it is very sensitive to the presence of local minima (Sirgue, 2012) . These occur when the data predicted by the starting model differ in arrival time by more than half a cycle with respect to the real data (Warner and Guasch, 2014) . For this reason we need to run FWI with a very accurate starting velocity model, usually derived by traveltime tomography. Ideally we would like to reduce this constraint to avoid the long phase of conventional velocity model building. Two ways to achieve this are to derive new schemes to precondition FWI (Warner and Guasch, 2014, Bi and Lin, 2014) and/or to acquire seismic data as rich as possible in low frequency content and with the highest S/N ratio at those low frequencies (Plessix et al., 2013) . In this paper we focus our attention on this second point. While in the past low frequency acquisitions were mostly limited to Ocean Bottom Cable (OBC) or Nodes, in the last few years the general trend in marine streamer acquisition has moved towards deeper tow depths, resulting in data richer in low frequency content.
FWI WORKFLOW AND RESULTS
In 2013 Woodside acquired several 2D lines in the Exmouth sub-basin with the scope of evaluating the benefits of the low frequencies and long offsets for imaging purposes. The acquisition parameters are also ideally suited for 2D FWI:
 Source depth = 10 m  Receiver depth = 25 m  Streamer length = 10 km  Source size = 5040 cu. in.
The Exmouth sub-basin has a relatively complex geology. A major base Cretaceous unconformity separates two distinct structural domains: a pre-Cretaceous sequence characterised by large tilted fault blocks and a Cretaceous and postCretaceous sequence characterised by a complex geomorphology (canyon systems and valleys) and shallow faulting which may present drilling hazards (mud loss zones). Volcanic intrusions, or sills, of variable size are present at different depths in the pre-Cretaceous complex ( Figure 1 ). In the area of study the water depth is between 1 and 1.6 km.
Figure 1: 2D line used for the FWI test. The yellow arrows show the deep volcanic intrusions (sills).
We followed a quite a 'classical' workflow for FWI: we started from the raw shots with only minor de-noising and de-spiking applied in the 2 to 10 Hz range to maximise the already
SUMMARY
Full Waveform Inversion (FWI) has recently emerged as one of the most exciting new techniques in the seismic industry, with the potential to deliver incredibly detailed velocity models. We applied FWI to 2D lines from the Exmouth basin, Western Australia. Results showed that FWI can produce excellent high resolution velocity models even if the starting velocity model is far from perfect providing that the input data is rich in low frequencies
Key words: FWI, velocity, frequency. excellent low frequency S/N ratio, see Figure 2 . We then muted the data to isolate the diving waves, which is the portion of the data we intend to invert for. What differed in this test from the classical FWI workflow is that we did not have a tomographic interval velocity model available. Rather than building one, we decided to use the available manually picked RMS (PSTM) velocities instead. We converted them into interval velocities which are extremely smooth ( Figure 3a) . We started the inversion at 3 Hz and stepped up by 1 Hz until the final frequency of 30 Hz. Each iteration took about 15 minutes on the Woodside research cluster, which allowed for a fast turnaround for every test even at high frequencies. The final velocity model is shown in Figure 3b . FWI managed to recover a huge amount of detail considering the poor starting model. The base Cretaceous unconformity (blue arrow) is accurately delineated and shallow channels (black arrow) and deep volcanic sills (yellow arrows) are defined with extreme accuracy. In Figure 4 the FWI velocity model is overlaid to the PSDM stack to illustrate the precise matching of the geological features (canyons, channels and sills, indicated by the arrows as in Figure 3b ) with the velocity features, which gives us confidence in the accuracy of the FWI solution. Sills in particular, due to their limited areal extent and strong velocity contrast with the surrounding formations, are extremely difficult to resolve with conventional traveltime tomography.
Figure 4: FWI derived velocity model overlaid on the PSDM image
The Kirchhoff Pre-Stack Depth Migration (PSDM) stack with the FWI velocity is largely improved compared to that derived with the input velocity ( Figure 5 ). In particular the main unconformity, highlighted in the yellow ellipse, is now more continuous and does not show the marked convex shape it had before. Steep sub-cropping events underneath now terminate correctly against the uncorfomity while they were smeared across in the initial migration. Common Image Gathers (CIG) extracted from this area, Figure  6 , show greatly improved flatness after FWI. The large moveout curvature of the gathers migrated with the input velocity is strong evidence that the initial velocity field was far from the correct solution. For this reason the fact that we managed to obtain such an accurate result with FWI proves that given an adequate input dataset, i.e. rich in clean low frequency signal, FWI is more robust than we initially believed. To verify the crucial role that the low frequency signal plays in FWI, we ran a test by starting the inversion at 5 Hz. Figure 7 shows the results of this run compared to the previous one, which started at 3 Hz. The arrows and the ellipse highlight where, in this new inversion, we see clear evidences of cycleskipping, i.e. the inversion is trapped in local minima and fails to converge to the global minimum. The inversion does not fail everywhere but only locally where the starting velocity model is too far off the correct solution. Where this does not happen the results are equivalent in both inversions.
DISCUSSIONS AND CONCLUSIONS
Even with conventional streamer acquisition it is possible to acquire low frequency rich datasets by towing the cable deep. The better the low frequency signal, the more we can relax the constraint linked to the accuracy of the starting velocity model. In the data we used we saw high S/N ratio at 3Hz. In 2D (but in all probability it could be extended to 3D) this seems to be enough for FWI to achieve good convergence starting from a very smooth velocity model, derived from manually picked stacking velocities. The high resolution FWI velocity model revealed interesting details (canyons, channels and sills in particular) which conformed with a high degree of accuracy to the PSDM image. When we started the inversion at 5Hz instead of 3Hz, localized cycle-skips in the solution became apparent. This shows how critical these (very) low frequencies are if we want to reduce the need for an accurate starting model in FWI. 
